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Dominant thermogravimetric signatures of lignin in cashew shell 
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HIGHLIGHTS 


• Cashew shell and cashew shell cake were proved as different bio-materials. 

• Cashew shell had dominant thermogravimetric signatures of lignin. 

• Activation energy of lignin was less in cashew shell cake than in cashew shell. 

• Activation energy profile of cashew shell dominates over cashew shell cake. 
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Dominant thermogravimetric signatures related to lignin were observed in cashew shell as compared to 
these signatures in cashew shell cake. The phenomenon of weakening of lignin from cashew shell to 
cashew shell cake was explained on the basis of changes in the activation energies. The pertinent temper¬ 
ature regimes responsible for the release of different constituents of both the bio-materials were identi¬ 
fied and compared. The activation energies of cashew shell and cashew shell cake were compared using 
Kissinger-Akahira-Sunose method. Thermogravimetric profiling of cashew shell and cashew shell cake 
indicated that these were different kinds of bio-materials. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

Cashew (Anacardium Occidentale ) (Nair, 2010) is one of the 
important horticultural evergreen tropical cash crops. Cashew 
nut is used for human consumption whereas the remaining part, 
its shell, is utilized for oil and energy generation. This approach 
uses this biomass resource, completely, by avoiding any land of 
wastage of biomass produced. Cashew shell (CS) is the by-product 
of cashew industry (Tippayawong et al„ 2011; Singh, et al„ 2006). 
Cashew nut is covered by a shell of about 2-3 mm thickness. Inside 
this shell, cashew shell contains a dark reddish brown viscous 
liquid which is called cashew nut shell liquid (CNSL) (Kasiraman 
et al„ 2012; Das and Ganesh, 2003; Das et al„ 2004), and CNSL 
has commercial value. Cashew nut shell liquid is extracted from 
the cashew shell. The material left after the extraction of CNSL 
from cashew shell is cashew shell cake. According to Patel et al. 


* Address: Agricultural Energy and Power Division, Central Institute of Agricul¬ 
tural Engineering, Bhopal 462038, MP, India. Tel: +91 755 2521132, +91 
9754913685; fax: +91 755 2734016. 

E-mail address: gangilsandip@yahoo.co.in 

0960-8524/$ - see front matter © 2013 Elsevier Ltd. All rights reserved. 
http://dx.doi.org/! 0.1016/j.biortech,2013.12.087 


(2006), there are various methods for the extraction of CNSL from 
CS, which include, open pan roasting, drum roasting, hot oil roast¬ 
ing, cold extrusion, solvent extraction, etc. In Africa, the CNSL pres¬ 
ent in CS is 15-20% by weight of the unshelled nut, and in India, it 
is about 25-30% by weight (Patel et al., 2006; Das and Ganesh, 
2003). During the process of CNSL-extraction, some amount of 
CNSL may remain on the surface of cashew shell cake. Further, 
the configuration of lignin present in CS is affected during the CNSL 
- extraction process. The temperature and pressure are the critical 
parameters in the CNSL - extraction process (Patel et al., 2006). The 
parameters of CNSL - extraction process changes inner bio-matrix 
of cashew shell during its conversion to cashew shell cake. These 
changes can be understood using the thermogravimetry. 

Thermogravimetry is a tool to understand the thermal decom¬ 
position behavior of a bio-material when subjected to heat in 
precisely monitored chamber. The decomposition of different 
components of bio-material can be identified for any specific bio- 
material. According to Vasile et al. (2011 ), at low heating rates less 
than 100 °C/min, the thermal decomposition of bio-materials can 
be described in the stages of moisture removal, hemicellulose 
decomposition, cellulose decomposition and lignin decomposition. 
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Lopez-Gonzalez et al. (2013) stated that lignin is the most ther¬ 
mally stable component. Based on thermogravimetric results, the 
activation energies for different constituents evolved during ther¬ 
mal decomposition process can be estimated. The comparison of 
two or more bio-materials can be done and the prominence of 
some specific constituent in a particular bio-material can be estab¬ 
lished. Kinetics of biomass degradation were critically reviewed 
and analyzed by White et al. (2011) and Damartzis et al. (2011). 
The activation energy for thermal decomposition can be obtained 
using different models and methods (Abdullah et al., 2010; 
Damartzis et al., 2011; Ledakowicz and Stolarek, 2002; Lu et al., 
2009; Sait et al., 2012; Vasile et al., 2011; Wang et al., 2012; White 
et al., 2011; Yuliana et al., 2012). The Coats-Redfem method, Fried¬ 
man method, Kissinger-Akahira-Sunose (KAS) method and 
Ozawa-Flynn-wall method are some of the most commonly used 
methods for determination of kinetics by the researchers. Basically, 
all these kinetic models follow Arrhenius equation (Vasile et al., 
2011 ). 

Das and Ganesh (2003) and Das et al. (2004), characterized the 
cashew shell (CS) using FTIR and NMR. Yuliana et al. (2012), stated 
about the isolation and characterization of the defatted cashew 
shell starch. They also mentioned about the thermogravimetry 
for defatted cashew nut shell starch at a single heating rate. Tsam- 
ba et al. (2006), (2007), studied the ldnetics of coconut and cashew 
nut shells and also compared activation energies results of differ¬ 
ent materials quoted by different authors. They mentioned that 
cashew shells are different than ordinary woody biomass being 
rich in hydrocarbons. However, the thermogravimetry of CSC was 
not covered by them. The present writing concentrates on the com¬ 
parison of the thermal decomposition kinetics of cashew shell cake 
and cashew shell. We claim that CS is a different bio-material than 
CSC. The lignin (Carrier et al., 2011; Ciobanu et al., 2004; Pandey 
and Kim, 2011; Shen et al., 2010) reflected its own dominating 
thermogravimetric signature in case of cashew shell. The activa¬ 
tion energies, of thermal decomposition of CSC and CS, obtained 
using KAS method are described in this paper. The findings of the 
kinetic analysis are also important for designing the energy sys¬ 
tems for the utilization of CSC and CS. Further, the optimization 
techniques for the lignin extraction process require the in-depth 
knowhow of the lignin related thermogravimetric signatures. 


2. Methods 

For thermo gravimetric analysis, cashew shell cake and cashew 
shell were powdered using a hammer mill. Powdery bio-material 
was used for thermal decomposition studies in thermogravimetric 
analyzer (Model: pyris-6; Make: Perldn Elmer). The heating 
method used was to keep the system temperature at 30 °C for 
two minutes and then to raise the temperature at different heating 
rates from 30 °C to 1000 °C. The inert (Argon) environment was 
maintained throughout the thermal decomposition of the both 
types of material. The experimental domain used the heating rates 
0?) as 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 “C/minute for both 
the bio-materials. Therefore, a wide range of the heating rates was 
used to analyze the kinetics. This gives the better estimates of 
activation energy to design the energy systems. To identify the dif¬ 
ference between CS and CSC, the thermogram of both bio-materials 
were obtained and compared. Thermogravimetry gives the varia¬ 
tion of weight loss (%) with respect to temperature or time during 
thermal decomposition process, and this plot is called “thermo¬ 
gram”. The first order derivative of thermogram (decomposition 
rate profile) is a plot of the weight loss rate (decomposition rate, 
%. min -1 ) versus temperature or time. 

The kinetics was analyzed using the Kissinger-Akahira-Sunose 
(KAS) method (White et al., 2011; Damartzis et al., 2011) which is 


an integral iso-conversional method. During the heating of the 
bio-material at a constant heating rate in inert atmosphere in ther¬ 
mogravimetry, the rate constant of first order reaction depends on 
temperature according to the Arrhenius equation, k = A*e t-£/Rr) ; 
where the k is the rate constant, the A is the pre-exponential factor, 
the E is the activation energy, the R is the universal gas constant 
and the T is the reaction temperature (absolute). The kinetic 
parameters can be computed using the following equation (Dam¬ 
artzis, et al., 2011; Dogana, et al„ 2008; Sbirrazzuoli, et al. 2009; 
Shukla, et al., 2010; White, et al., 2011; Ledakowicz and Stolarek, 
2002 ); 

where g( a) = 4 Sr e ( E l RT >dT\ a. Conversion fraction; a. = (wi - wt)/ 
(wi - woo); where the wi, wt and woo are the masses of bio-mate- 
rial at initial, instantaneous and final stages of decomposition, 
respectively; A, Pre-exponential factor; R, Universal gas constant; 
E, Activation energy; T, Reaction temperature (absolute); Ti, Initial 
absolute temperature; /i, Heating rate. 

The determination of kinetic parameters in respect of different 
constituents of a bio-material is possible by slope and intercept of 
the linear plot of ln(/?/T 2 max ) versus 1/T max (Ledakowicz and 
Stolarek, 2002). For this, the decomposition rate profile is to be 
deconvoluted in different peaks (segments) related with different 
constituents of bio-material because devolatilization curve is 
usually obtained as a sum of the corresponding individual compo¬ 
nents contributions as stated by Lopez-Gonzalez et al. (2013). In 
each segments (peaks), the evolution of each constituent can be 
considered as a single first order independent parallel reaction 
(Ledakowicz and Stolarek, 2002). The time derivative of decompo¬ 
sition rate becomes zero at the peak temperature (T max ) of each 
peak where the rate of volatile evolution (decomposition rate) 
gains the maximum value (Ledakowicz and Stolarek, 2002). Differ¬ 
ent values of the T max can be obtained for each volatile segment 
(peak) by thermogravimetric profiling at different heating rate 
(/i). In KAS method, the iso-conversional lines can also be used to 
find the kinetics with respect to the conversion fraction of the 
bio-material (Damartzis, et al., 2011; Dogana, et al., 2008; Sbir¬ 
razzuoli, et al. 2009; Shukla, et al., 2010; White, et al., 2011) where¬ 
in we can find linear kinetic plot between ln(/?/T 2 ) versus 1/T at a 
specified conversion fraction. Slopes of these linear lines are the 
measures of —E/R at specified conversion fractions. 


3. Results and discussion 

3.3. Elemental characterization 

The nitrogen, carbon, sulfur and hydrogen contents in cashew 
shell and cashew shell cake are given in Table 1. Cashew shell 
has low nitrogen content showing it as the fuel producing the syn¬ 
gas with low level of ammonia during the thermal gasification. 
Ammonia is responsible for corrosion of the syngas reactor’s mate¬ 
rial and therefore, the use of cashew shell for gasification may en¬ 
hance the life of reactor. As the sulfur content in CSC was lower 
than CS, CSC can be considered less toxic fuel. Carbon content in 
CSC was lower because of the extraction of CNSL from the CS. 
Ash content (using ASTMD-3174 method) of CSC (2.2%) was lower 
than the ash content of cashew shell (3.0%) indicating that cashew 
shell cake has better possibilities of thermal gasification to gener¬ 
ate the syngas as compared to cashew shell. The CSC used for the 
experiments was having true density of 1.12 g/cc at a moisture 
content of 7.5% and was having ash content of 2.2%. The bulk 
density of CSC was 0.45 g/cc. 
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Elemental characterization of CSC and CS. 

Elements (%) Cashew shell cake Cashew shell 

Carbon 45.8 55.8 

Hydrogen 6.3 6.2 

Nitrogen 0.7 0.5 

Sulfur 0.4 1.1 


3.2. Identification of thermogravimetric signatures of lignin and other 
constituents 

As discussed earlier, extraction of CNSL from CS imparts the 
changes in bio-matrix of CS. Thus, the changes obtained in the 
thermogravimetry of CSC in comparison with thermogravimetry 
of CS indicate about the effect of CNSL-extraction process on the 
different constituents of CS. Fig. 1 shows first order derivatives of 
the thermogram of cashew shell and cashew shell cake at a heating 
rate (/() of 10 °C/min. Fig. 1 clearly indicates that there is a peak at 
446.7 °C in the plot related to CS whereas this peak subsides in 
CSC-plot. This dominating peak in CS was ascribed to lignin (Burh- 
enne et al., 2013; Carrier et al„ 2011; Chen and Kuo, 2011; Faravelli 
et al, 2010; Ledakowicz and Stolarek, 2002; Lopez-Gonzalez et al„ 
2013; Vasile et al., 2011). This peak was noticed in all thermogram 
of CS, obtained at all experimented heating rates. 

There were several other lumps in both the plots in Fig. 1 
which could not be identified by visible inspection. Therefore, 
to analyze the differences between the CSC and CS, the decompo¬ 
sition rate plots at all p were deconvoluted in different peaks to 
find exact location of the thermal decomposition of a particular 
constituent (Burhenne et al. 2013; Huang et al., 2011; Led¬ 
akowicz and Stolarek, 2002; Lopez-Gonzalez et al., 2013). The 
Gaussian deconvolution was performed using the PeakFit (ver¬ 
sion 4.12) program of Sigma plot, for identifying different peaks 
existing in first-order derivative of each thermogram. The analy¬ 
sis was done with linear baseline with a tolerance of 3%, and a 
confidence level of 99%. Iterations were repeated till the coeffi¬ 
cient of determination for the peak fitting became constant and 
reached to a value more than 0.99. For all heating rates this con¬ 
dition could be obtained by fitting the five peaks. A typical repre¬ 
sentation of peak fitting is given for CSC and CS at /? (10 °C/min) in 
Fig. 2 and Fig. 3, respectively. 

The comparison of Gaussian deconvoluted peaks of CS and CSC 
at p (10 °C/min) clearly showed that the lignin related peak was 
dominating in CS as compared to CSC. The identification of other 
constituents using deconvoluted peaks is summarized in Table 2. 
The peak near to 237-238 °C in both the bio-materials was re¬ 
lated to hemicellulose (Chen and Kuo, 2011; Shen et al., 2010). 


A peak which did not figure in CSC and existed in CS at 281.6 °C 
emerged due to presence of CNSL inside the CS matrix. A peak 
centering 131.6 °C was found in CSC which was not present in 
CS. This peak was due to the residual surface CNSL in CSC after 
the CNSL-extraction process. Both bio-materials showed two 
peaks related to the cellulose (Vasile et al., 2011; Ledakowicz 
and Stolarek, 2002; Antal and Varhegyi, 1995). Vasile et al. 
(2011) stated that in thermal decomposition of cellulose, hydro¬ 
lysis, oxidation and dehydration processes are side reactions 
and therefore, the step corresponding to cellulose decomposition 
may be divided in two other steps, depending on the sample’s 
nature. According to them, cellulose followed two competitive 
reactions which are depolymerization of residual cellulose fol¬ 
lowed by the volatilization of levoglucosan (Vasile et al., 2011). 
The same explanations were agreed in present study, for observ¬ 
ing two cellulose related peaks. The locations of cellulose related 
peaks in our study were almost similar in case of both the bio¬ 
materials (CS and CSC). The I st cellulose peak was at 298.3 and 
298.1 °C for CS and CSC, respectively. Position of II nd cellulose 
peak was 335.7 and 335.4 °C in case of CS and CSC, respectively. 
The lignin related peak centered at 446.7 °C in CS which weak¬ 
ened in CSC at 418 °C. Both peaks of cellulose in CS plot shifted 
marginally towards lower temperature in CSC. The I st and II nd 
peaks related to cellulose shifted by 0.2 and 0.3 °C, respectively 
in CSC. The remarkable shift of 28.7 °C in the lignin related peak 
towards low temperature was observed which showed the weak¬ 
ening of lignin in CSC. It indicated that the major influence of the 
CNSL-extraction process was on the lignin related peak. Lignin 
molecules weaken during the CNSL-extraction process due to 



Fig. 2. Gaussian deconvolution of first derivative of thermogram (at 10 °C/min) of 
CSC. 



Tempearature (°C) 





Fig. 1 . Comparison of the first order derivative of thermogram of CS 
showing the dominant peak of lignin in case of CS. 


CSC Fig. 3. Gaussian deconvolution of first derivative of thermogram (at 10 °C/min) of 
CS. 
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Comparison of Gaussian deconvolution of the decomposition rate profiles of CS and 
CSC at p of 10°C/min. 


Cashew shell 


Cashew shell cake Identification of constituent 


237.1 (Peak-1) 

281.6 (Peak-2) 

298.3 (Peak-3) 

335.7 (Peak-4) 

446.3 (Peak-5) 


131.6 (Peak-1) 

238.4 (Peak-2) 

298.1 (Peak-3) 

335.4 (Peak-4) 
418.0 (Peak-5) 


Intrinsic CNSL 
Cellulose-I st peak 
Cellulose-H nd peak 
Lignin 



0 0.2 0.4 0.6 0.8 1 


Fig. 4. Decomposition rate versus a plots for CS and CSC at p of 10 °C/min. 


needed higher energy for its own activation. That is why; higher 
activation energy of lignin was obtained in CS. This was related to 
the relaxation of lignin due to breaking of bonds within lignin. 
The decomposition rates at lignin region were lower in CSC as 
compared to CS which was related the melting of lignin. The phe¬ 
nomenon of melting and relaxation are closely interlinked. For a 
bio-material under stresses, the both phenomenon may or may 
not occur simultaneously. The probability of relaxation is higher 
than melting during the initial stages of stresses whereas the 
probability of melting is similar to relaxation at middle stage of 
annealing. In the final stages of annealing, the melting supersedes 
relaxation. At the end of annealing, the relaxation may not pres¬ 
ent at all, and the melting also slows down, and solidification of 
melted lignin may take place in inner matrix of bio-material. 

During the CNSL-extraction some amount of CNSL also remains 
on the outer surface of CSC as surface oil. This was evident by a 
broad peak in CSC from 35 to 200 °C centering at 131.6 °C. Thus, 
this broad peak is ascribed to evaporation of the moisture with sur¬ 
face CNSL in CSC whereas in case of CS, the region from 35 to 
200 °C was related to moisture removal. Based on these variations 
in thermogravimetric signals, it was concluded that CS and CSC 
were different bio-material. 

Residual weight loss data of thermogram (in time domain) of CS 
and CSC were converted to conversion fraction (ct) variation. The 
decomposition rate versus a. curve for CS and CSC are given in 
Fig. 4. Fig. 4 indicated that lignin presence was in the a-span of 
0.7-0.9. At 10°C/min, both the bio-materials were thermally 
decomposed within 96 min in thermogravimetric analyzer. 


melting and relaxation. Therefore, the lignin did not prominently 
reflect in thermogravimetry of CSC. Guigo et al. (2009) studied 
molecular mobility and relaxation process of isolated lignin and 
mentioned that the relaxation process of annealed lignin showed 
a different behavior as the consequence of micro-structural 
modifications of lignin. These modifications were explained by 
Guigo et al. (2009) as the redistribution of secondary bonds as 
well as formation of new interunit linkages. During the 
CNSL-extraction process, CS undergoes through stresses due to 
temperature or pressure or both, creating some sort of annealing 
effects. Present article considered that combined effects of the 
breaking of bonds, within lignin, and between lignin and other 
components, were responsible for “weakening of lignin". Relaxa¬ 
tion was associated with the breaking of bond within lignin 
whereas the melting was related to breaking of bonds of lignin 
with other components. As thermogravimetric signatures of lig¬ 
nin in CS were at higher temperature locations than in CSC, lignin 


3.3. Kinetics 

The first-order derivatives of thermogram were analyzed and 
deconvoluted to obtain the different peaks related to thermal 
decomposition of hemicellulose, CNSL, cellulose and lignin constit¬ 
uents of both the bio-materials. Linear plot of ln(/j/T 2 max ) versus 1/ 
T max at different heating rates (/() were plotted for CS and CSC to 
obtain the activation energy and pre-exponential factor related to 
each deconvoluted peak. Table 3 shows the equation fitted for 
different peaks obtained for the CS and CSC. The determination 
of kinetic parameters are erroneous for Peak-1, Peak-2 and Peak- 
5 in case of CS, and for Peak 5, in case of CSC due to low coefficient 
of correlation between ln(/?/T 2 max ) and 1/T max . Therefore, the 
kinetics was not computed for these peaks. To find lignin related 
activation energy, the KAS method was applied using the iso-con- 
versional lines, and In(/J/T 2 ) versus 1/T plots were drawn at a-val- 
ues of 0.7, 0.8 and 0.9 for CS and CSC as shown in Fig. 5 and 
Fig. 6, respectively. The overall kinetics were found by using the 


Kinetic parameters ( 


CSC using peak positions obtained through Gaussian deconvolution. 


Peak number Equation of linear fitting 

Cashew shell 

Peak-1 y = 8.8433x - 12.782 

Peak-2 y = -3824.1* - 6.2346 

Peak-3 y = -13030* + 8.668 

Peak-4 y = -22235x + 21.978 

Peak-5 y = -6318x - 4.6661 

Cashew shell cake 

Peak-1 y = -1812.6x-9.1852 

Peak-2 y = -5923x - 2.3014 

Peak-3 y = -10107x + 3.794 

Peak-4 y = -24143x + 25.313 

Peak-5 y = 1789.4x - 15.973 


R 2 Activation Energy (kj/mole) 


2E-06 

0.3334 

0.8179 

0.9786 

0.0145 


0.8222 

0.88 

0.8172 

0.9451 

0.0681 


108.34 

184.87 


15.07 

49.25 

84.03 

200.74 


Pre-exponential: 


■(min- 1 ) 


7.58E + 07 
7.80E + 13 


1.71E + 07 
5.92E + 04 
4.49E + 05 
2.38E + 15 


Where; y = In (plT 2 „ 


:=l/r m ax. 
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•oc(0.9)-CS acx( 0.8)-CS o a (0.7)-CS 



1.20E-03 1.40E-03 1.60E-03 1.80E-03 
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Fig. 5. Determination of kinetic parameters for CS at a-value of 0.7, 0.8 and 0.9. 



KAS method over a complete range of conversion fraction (oc = 0.05, 
0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, 0.95). KAS points (1/T, 
ln(/?/T 2 )) were drawn from TGA data at all experimented heating 
rates (10-100 °C/min) in the a-span of 0.05-0.95 for cashew shell 
and cashew shell cake. All KAS points are given as Supplementary 
data. Linear correlation equations of KAS iso-conversional lines 
(In {PIT 2 ) versus 1/T) for CS and CSC are given in Table 4. The 
coefficient of correlation above 0.8 was considered adequate for 
comparing the kinetics parameters of both bio-materials. Overall 
kinetics, activation energies and pre-exponential factors, of ther¬ 
mal degradation of CS and CSC is given in Table 5. The activation 
energy was found to increase until the lignin region and then 
activation energy reduced for both bio-materials. The activation 
energy profile of CS always dominated over the CSC in a-span of 
0.05-0.95 indicating that the CS was hard material for thermal 
degradation. The reduction of activation energy from CS to CSC 
was highest in lignin related segment (conversion fraction; a-span: 
0.70-0.90) showing weakening of lignin. The reductions in values 
of activation energy from CS to CSC were 61.60, 69.45, 106.61, 
50.61 kj/mole at a-value of 0.7, 0.8, 0.85 and 0.90, respectively. 

4. Conclusions 

The lignin was prominently noticed in cashew shell as com¬ 
pared to cashew shell cake. The lignin related peak subsided in 
cashew shell cake. The evidences of surface CNSL were observed 
in CSC. We established that the CS and CSC are two different 
bio-materials using thermogravimetric profiling. The activation 
energies were determined and compared using KAS method for 
cashew shell and cashew shell cake. 


Linear correlation equations for KAS iso-conversional lii 


1 IT) for CS and CSC. 


Cashew shell Cashew shell cake 



Equation of linear fitting for KAS points* 

R 2 

Equation of linear fitting for KAS points* 

R 2 

0.05 

y = —12111x +16.273 

0.5944 

y = -2904x - 2.3365 

0.9019 

0.15 

y = -12480x + 14.069 

0.9703 

y = -7331.8x + 4.8852 

0.9468 

0.25 

y = -14983x + 17.527 

0.973 

y = -8997.7X + 7.2761 

0.9504 

0.35 

y = -18234x + 22.326 

0.9765 

y = -11428x +10.933 

0.9177 

0.45 

y = -21969x +27.845 

0.9672 

y = -14967X + 16.296 

0.8685 

0.55 

y = —28651x + 37.908 

0.9457 

y = -20487X + 24.668 

0.7666 

0.65 

y = -32473x +42.738 

0.9595 

y = -31675x +41.816 

0.8405 

0.75 

y = 14962X - 32.322 

0.1335 

y = 10928x-26.199 

0.2576 

0.85 

y = 23570X - 42.608 

0.9162 

y = 10748X - 24.474 

0.9723 

0.95 

y = 9130.7x-20.517 

0.8857 

y = 9271x - 20.093 

0.9644 


Where; y = In(0/T 2 ) and x = 1 IT. 

KAS points (1/T, ln^/T 2 )) are given as Supplementary data. 


Kinetics parameters ( 


1 CSC in a-span of 0.05-0.95. 




Activation energy (kj/mole) Pre-exponential factor (min ') Activation energy (kj/mole) Pre-exponential factor (min ’) 


15 103.76 

25 124.58 

35 151.61 

45 182.65 

55 238.22 

65 267.0 

70 302.85 

75 

80 174.64 

85 195.97 

90 131.88 

95 75.92 


1.6E + 10 
6.1E + 11 
9.1E + 13 
2.7E +16 
8.3E + 20 
1.2E + 23 
3.8E + 25 

8.7E + 21 
7.5E + 22 
3.2E +17 
7.4E + 12 


60.96 

74.81 

95.02 


3.0E + 04 
9.7E + 05 
1.3E + 07 
6.4E + 08 
1.8E + 11 


264.11 

241.25 


4.6E + 22 
3.5E + 20 


105.19 

89.36 

81.27 

77.08 


2.4E + 16 
4.6E +14 
3.9E + 13 
4.9E + 12 




































